We propose a predictive inert two Higgs doublet model, where the standard Model (SM) symmetry is extended by S3 ⊗ Z2 ⊗ Z12 and the field content is enlarged by extra scalar fields, charged exotic fermions and two heavy right-handed Majorana neutrinos. The charged exotic fermions generate a non-trivial quark mixing and provide one-loop-level masses for the first-and second-generation charged fermions. The masses of the light active neutrinos are generated from a one-loop-level radiative seesaw mechanism. Our model successfully explains the observed SM fermion mass and mixing pattern.
I. INTRODUCTION
Despite its great success, the standard Model (SM) does not address several fundamental issues such as, for example, the number of fermion families and the observed pattern of fermion masses and mixing. As is known, in the quark sector the mixing is small while in the lepton sector two of the mixing angles are large. The three neutrino flavors mix with each other and at least two of the neutrinos have non-vanishing masses, which according to neutrino oscillation experimental data must be smaller than the SM charged fermion masses by many orders of magnitude. This so called "flavor puzzle" motivates extensions of the SM with larger scalar and/or fermion sector and with extended gauge groups, supplemented with discrete flavor symmetries, so that the resulting fermion mass matrix textures would explain the observed pattern of fermion masses and mixing. The implementation of these discrete flavor symmetries in several extensions of the SM is expected to provide an elegant solution of the "flavor puzzle" (for recent reviews on discrete flavor groups see, for instance, Refs. [1] [2] [3] [4] ). In fact, considerable attention has already been paid in the literature to the S 3 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] A 4 , S 4 [54] [55] [56] [57] [58] [59] [60] [61] [62] , T 7 [63] [64] [65] [66] [67] [68] [69] [70] [71] and ∆ (27) [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] flavor groups. Several models with discrete flavor symmetries, which bring about radiative seesaw mechanisms of fermion mass generation, have also been discussed in the literature [91] [92] [93] [94] [95] [96] [97] [98] . A typical flaw of these models is the large number of free parameters and consequent limited predictive power, since they lack a mechanism underlying the observed hierarchy of quark mixing angles and masses. The experimental data suggest an empirical relation of the Cabbibo mixing angle to the first-and second-generation down-type quark masses sin θ C ∼ neutrino masses are generated from a one loop level radiative seesaw mechanism. Due to the preserved Z 2 symmetry, our model features natural dark matter candidates. The following comparison of our model with the similar models in the literature could be in order. Despite the similar quality of the data description, our model is more predictive than the model of Ref. [103] , since the latter, focused only on the quark sector, has a total of 12 free parameters, whereas the quark sector of our model is described by 9 free effective parameters, which are adjusted to reproduce the 10 physical observables of the quark sector. The models of Refs. [20, 104, 108] , Refs. [13, 15, 19, 62, 106] , Refs. [75, 107] and Ref. [105] possess in the quark sector 9, 10, 12, and 13 free parameters, respectively. For the lepton sector, our model is less predictive than in the quark sector, however, under some reasonable assumptions, the number of effective parameters in this sector can be reduced. As shown in detail in section III, our model can successfully accommodate the eight physical observables in the lepton sector, with only five effective free parameters for the case of normal neutrino mass hierarchy. With respect to the inverted neutrino mass hierarchy, more parameters are needed to successfully reproduce the masses and leptonic mixing angles. The content of this paper goes as follows. In Sect. II we introduce the model setup. Section III deals with the derivation of fermion masses and mixings and provides our corresponding results. Our conclusions are stated in Sect. VI. Appendix A gives a brief description of the S 3 group. Appendix B shows the analytical expressions for the dimensionless parameters of the SM fermion mass matrices generated at one loop level.
II. THE MODEL
We consider a modified inert 2HDM, with the Standard Model gauge symmetry supplemented with the S 3 ⊗ Z 2 ⊗ Z 12 discrete group, and a scalar sector composed of 2 scalar SM doublets, i.e., φ 1 and φ 2 plus 4 scalar SM singlets. Out of these four SM scalar singlets, two scalar fields are grouped in a S 3 doublet, whereas the remaining ones are assigned to be one S 3 trivial singlet and one S 3 non-trivial singlet. The Z 2 symmetry is assumed to be preserved whereas the S 3 ⊗ Z 12 discrete group is broken at certain scale Λ int . The fermion sector of the SM is extended to include four SM gauge singlet charged leptons E 1L , E 2L , E 1R and E 2R , two right handed neutrinos N 1R , N 2R and four SU (2) L singlet heavy quarks T nL , T nR , B nL , B nR (n = 1, 2). The reasons for these specific choices will be explained below. It is assumed that the heavy exotic T n and B n quarks have electric charges equal to , respectively. The S 3 ⊗ Z 2 ⊗ Z 12 assignments of the scalar fields are:
The requirement of unbroken Z 2 symmetry implies that the Z 2 charged scalar fields φ 2 and η do not acquire vacuum expectation values. The remaining scalar fields, i.e., φ 1 , ξ and τ , which are neutral under the Z 2 symmetry, have non vanishing vacuum expectation values. Let us give a motivation for the above presented extension (1) of the scalar sector of the original inert 2HDM [102] . One Z 2 odd SM singlet scalar η (apart from the Z 2 odd scalar doublet φ 2 ) is needed to implement the radiative seesaw mechanism of fermion mass generation. It yields a non-trivial quark mixing, provides masses for the first-and second-generation charged fermions and contributes to the light active neutrino masses. Furthermore, one Z 12 -charged SM singlet scalar (τ ) is needed to generate the SM charged fermion mass and quark mixing pattern compatible with the observations. We also need an S 3 -doublet scalar (ξ) to nontrivially couple it to the first-and second-generation right-handed SM down-type quarks, which we unify into an S 3 -doublet. We decompose the Higgs doublets φ 1 and φ 2 in the standard way as
Here v is a Higgs VEV breaking the electroweak symmetry. The S 3 -symmetry is broken by the VEV of the S 3 scalar doublet ξ. We choose the VEV alignment
compatible with the scalar potential minimization condition as demonstrated in Ref. [19] . In the literature there have been constructed several S 3 flavor models with the similar VEV alignment of an S 3 scalar doublet (see for instance Refs. [13, 15, 19, 20] ).
The S 3 ⊗ Z 2 ⊗ Z 12 assignments of the fermions of the model are as follows
Now it is timely to comment on the reasons for the introduction of the extended symmetry S 3 ⊗ Z 2 ⊗ Z 12 . The S 3 symmetry reduces the number of parameters in the Yukawa sector of the model, improving its predictivity. The Z 12 symmetry shapes the hierarchical structure of the fermion mass matrices that gives rise to the observed charged fermion mass and quark mixing pattern. The preserved Z 2 symmetry selects the allowed entries in the quark mass matrices, so that the down-type quark sector contributes to the Cabbibo mixing, whereas the up-type quark sector contributes to the remaining mixing angles. The Z 2 symmetry allows also the implementation of a radiative seesaw type-mechanism (induced by the Z 2 charged scalar fields and the exotic charged fermions running in the internal lines of the loop), which gives rise to a non-trivial quark mixing and generates the masses for the first-and secondgeneration charged fermions. Besides that, due to the unbroken Z 2 symmetry, light active neutrino masses receive contributions from a one-loop radiative seesaw mechanism (induced by the η and φ 2 scalar fields and the heavy Majorana neutrinos N 1R and N 2R running in the internal lines of the loops). Let us note that the masses of the light active neutrinos are generated from a one-loop-level radiative seesaw mechanism. It is worth mentioning that in order to be compatible with the neutrino oscillation data, we need at least two light massive active neutrinos. Having only one right-handed Majorana neutrino, will lead to two massless active neutrinos, which is in clear contradiction with the experimental data on neutrino oscillation experiments. That is why we introduced in the model two massive right-handed neutrinos N 1R , N 2R , which is the minimal number necessary for this purpose, both for normal and inverted neutrino mass hierarchy. For similar reasons we introduced in our model four SU (2) L singlet heavy quarks T nL , T nR , B nL , B nR (n = 1, 2), necessary to avoid the appearance of massless charged SM fermions. With the above particle content, the following quark and lepton Yukawa terms, invariant under the symmetries of the model, arise:
Here we considered S 3 ⊗ Z 2 soft breaking mass terms for the charged exotic fermions. In addition, we have neglected the mixings between the T 1 (B 1 ) and T 2 (B 2 ) exotic quarks as well as the mixings between the E 1 and E 2 charged exotic leptons, by considering these charged exotic fermions as physical eigenstates. After the spontaneous breaking of the electroweak and S 3 ⊗ Z 12 discrete symmetries, these interactions generate at tree-and one-loop-levels the quark and lepton mass matrices. The one loop Feynman diagrams contributions to the fermion mass matrices are shown in Fig. 1 . The hierarchy of charged fermion masses and quark mixing angles arises in our model from the breaking of the Z 12 discrete group. In order to relate the quark masses with the quark mixing parameters, the VEVs of the SM scalar singlets ξ and τ are set as follows:
where λ = 0.225 is one of the Wolfenstein parameters and Λ corresponds to the model cutoff.
From the quark Yukawa interactions it follows that the heavy exotic T n (B n ) quarks (n = 1, 2) will have a dominant decay mode into a SM up-(down-) type quark and a heavy CP even or CP odd neutral Higgs boson, which is identified as missing energy, due to the preserved Z 2 symmetry. Furthermore, from the lepton Yukawa interactions it follows that the charged exotic leptons E n (n = 1, 2) will decay dominantly into a SM charged lepton and a heavy CP even or CP odd neutral Higgs boson. The exotic T n and B n quarks are produced in pairs at the LHC via gluon fusion and the Drell-Yan mechanism, and the charged exotic leptons E n (n = 1, 2) are also produced in pairs but only via the Drell-Yan mechanism. Thus, observing an excess of events with respect to the SM background in the dijet and opposite sign dileptons final states can be a signal in support of this model at the LHC. On the other hand, it is worth mentioning that a heavy CP even Higgs can be produced at the LHC in association with a CP odd Higgs boson via Drell-Yan annihilation, with a cross section of about 0.1 fb for heavy CP even and CP odd scalar masses of 600 GeV and LHC center of mass energy of √ s = 13 TeV. To conclude this section, let us comment on the h → γγ decay in our model, where h is the 126 GeV Higgs boson. In the standard model, this decay is dominated by W loop diagrams, which can interfere destructively with the subdominant top quark loop; whereas In the 2HDM, the h → γγ decay receives additional contributions from loops with charged scalars H ± , proportional to sin 2β (for the case where the Higgs doublets have different Z N charges), where tan β = v 2 /v 1 (cf. Ref. [19] ). In our model tan β = 0 since v 2 = 0, and thus the charged Higgs boson contribution to the 126 GeV Higgs diphoton decay is absent. From the explicit form of the h → γγ decay rate given in [19] for the 2HDM, it is easy to see that the Higgs diphoton decay rate in our model coincides with the SM expectation, since the light and heavy CP even neutral Higgs bosons do not mix, as a result of the preserved Z 2 symmetry. 
III. QUARK MASSES AND MIXINGS
From the quark sector Yukawa terms (5) we find the quark mass matrices
where ε (u,d) ij are dimensionless parameters generated at one loop level whose corresponding expressions are given in Appendix B. In addition, y
and y
are O(1) dimensionless couplings generated at tree level from renormalizable and nonrenormalizable Yukawa terms, respectively. In order to show that the quark textures given above can fit the experimental data, and considering that the parameters ε (u,d) ij are generated at one loop level, we choose a benchmark scenario where we set: where a
mn (m, n = 1, 2) are O(1) parameters. Let us note that from the quark mass matrices given above, it follows that the Cabbibo mixing arises from the down-type quark sector, whereas the up-type quark sector contributes to the remaining mixing angles. Besides that, the low energy quark flavor data indicates that the CP violating phase in the quark sector is associated with the quark mixing angle in the 1-3 plane, as follows from the Standard parametrization of the quark mixing matrix. Consequently, in order to get quark mixing angles and a CP violating phase consistent with the experimental data, we assume that all dimensionless parameters given in Eqs. (8) and (9) are real, except a (u) 13 , which is taken to be complex. Since the observed pattern of charged fermion masses and quark mixing angles is generated from the S 3 ⊗ Z 12 symmetry breaking, and in order to have the right value of the Cabbibo mixing, we need a 22 . In addition we set y (u) 3 ≈ 1, as suggested by naturalness arguments. Then the quark sector of our model contains nine effective free parameters, i.e., a
and the phase arg a (u) 13 , which are fitted to reproduce the ten physical observables of the quark sector, i.e., the six quark masses, the three mixing angles and the CP violating phase. By varying these parameters, we find the quark masses, the three quark mixing angles, and the CP violating phase δ reported in Table I , which correspond to the best-fit values: It is worth mentioning, as follows from Eq. (B1) given in Appendix B, that the functions ε
13 and ε
depend on the dimensionless parameters x
4 , y Fig. 2 the predicted charm and strange masses as functions of the iteration. We find that, for a slight deviation from the best-fit values, the obtained charm and strange masses stay inside the 3σ experimentally allowed range. We also have numerically checked that the remaining SM quark masses are kept inside the 3σ experimentally allowed limits when we perform small variations around the best-fit values, with the exception of the down and bottom quark masses. The sensitivity of the down-type quark mass under small variations around the best-fit values is due to the fact that all entries in the upper left block of the SM down-type quark mass matrix are different from zero, thus implying that there is an important region of parameter space where the determinant of the down-type quark mass matrix takes low values. With respect to the bottom quark mass, we find that most of the points are inside the 3σ experimentally allowed range. Those outside the 3σ experimentally allowed range correspond to values close to the lower and upper experimental bounds of the bottom quark mass. Consequently, our model is very predictive for the quark sector. Correlations between the firstand second-generation SM quark masses are shown in Fig. 3 . The horizontal and vertical lines are the minimum and maximum values of the second-and first-generation quark masses, respectively, inside the 3σ experimentally allowed range.
IV. LEPTON MASSES AND MIXINGS
From the lepton Yukawa terms (6) we derive the neutrino mass matrices
where ε (l) nm (n, m = 1, 2) are dimensionless parameters generated at one loop level whose corresponding expressions are given in Appendix B. The parameters of the neutrino mass matrix of Eq. (13) take the form 
In order to show that the lepton textures given above can fit the experimental data, and considering that the parameters ε (l) ij are generated at one loop level, we choose a benchmark scenario where we set:
where a (l) nm (n, m = 1, 2, 3) are O(1) parameters. Then it follows that the charged lepton mass matrix takes the following form:
which implies that the following relation is fulfilled: 
The mass matrix M l M T l can be diagonalized by a rotation matrix R l according to
where the charged lepton masses are given by
Thus we correctly reproduce the charged lepton mass hierarchy from the symmetry structure of the model. To simplify further the analysis, we set ϕ = , obtaining that the light neutrino mass matrix is given by
Assuming that the neutrino Yukawa couplings are real, we find that for the normal (NH) and inverted (IH) mass hierarchies, the light neutrino mass matrix is diagonalized by a rotation matrix R ν , according to
for IH (26) tan
With the rotation matrices in the charged lepton sector R l , given by Eq. (18), and in the neutrino sector R ν , given by Eqs. (23) and (26) for NH and IH, respectively, we find the PMNS mixing matrix:
From the standard parametrization of the leptonic mixing matrix, it follows that the lepton mixing angles for NH and IH, respectively, are
In the charged lepton sector the model has five free parameters a
3 . Fitting Eqs. (19)- (21) for m e,µ,τ to the corresponding experimental values [110] , we found O(1) solutions for these parameters. Therefore, we conclude that the model correctly predicts the charged lepton mass hierarchy according to Eqs. (19)-(21). On the other hand, it does not predict the particular values of the charged lepton masses. In fact, within the hierarchical structure incorporated in Eqs. (19) - (21), the five free O(1) parameters a 
for IH: κ 6.11 × 10 −3 , W 1 0.14 eV for the cases of normal and inverted neutrino mass hierarchies, respectively. We find that a slight variation from the best-fit values yields, for several points of the parameter space, an important deviation in the values of the neutrino mass squared splittings and leptonic mixing parameters, especially for the case of inverted neutrino mass hierarchy. Nevertheless the model in its present version is not predictive in the lepton sector except for the charged lepton mass hierarchy Eqs. (19)-(21) . This is because the number of free parameters equals the number of observables. However, considering the model parameters for NH in Eq. (32) we note that their numerical values W 2 W 3 , κ ≈ 1 may point to an approximate underlying µ − τ symmetry. In fact for W 2 = W 3 , κ = 1 the light active neutrino mass matrix (22) coincides in structure with the µ − τ symmetric Fukuyama-Nishiura texture [113] :
With this observation let us study a µ − τ -symmetry inspired benchmark scenario in our model. Incorporation of the µ − τ -symmetry in our model implies W 2 = W 3 and κ = 1 and, therefore, C = D in (34) leading to two vanishing eigenvalues, which is in clear contradiction with the neutrino oscillation data. After all this symmetry cannot be exact, since it is explicitly broken in the charged lepton sector (for more details on the phenomenological aspects of 
Observable
Experimental value Table II: The symmetry inspired benchmark scenarios (i) and (ii) versus the experimental values of the charged lepton masses [110] , neutrino oscillation observables for the normal (NH) and inverted (IH) mass hierarchies [112] . Scenario (i): the four model parameters (35) fit the five neutrino oscillation observables for the NH. Scenario (ii)': from the experimental input value me = 0.487MeV we determine a model parameter a (l) 12 = 0.52 and then calculate mµ = 113.07MeV; the neutrino oscillation observables for the NH are fitted with three parameters (36) . Scenario (ii)': the same as (ii), but fitting jointly the four model parameters (37) to the seven observables.
the µ − τ interchange symmetry see, for instance, Refs. [114] ). However, the µ − τ -symmetry can be incorporated in our model as a "minimally" broken symmetry. Its maximal breaking corresponds to the violation of both W 2 = W 3 and κ = 1 conditions. In this sense the minimal breaking is introduced by the violation of only one of these conditions. As can easily be checked the case W 2 = W 3 with κ = 1 is an inappropriate one since it has two zero eigenvalues of the neutrino mass matrix Eq. (22) . Thus, we study the benchmark scenario (i) with W 2 = W 3 and κ being a free µ − τ -symmetry breaking parameter. In this case there is only one zero neutrino mass matrix eigenvalue. Now we have four free model parameters W 1 , W 2 , κ and θ l versus the five physical observables in the neutrino sector, i.e., the two neutrino mass squared splittings and the three leptonic mixing parameters. Thus, the model is able to predict one of these observables using the experimental values of the other four. Instead of doing this we conventionally fit the model parameters to the experimental values of all the five observables within the corresponding experimental errors. The best fit results are shown in Table II 
corresponding to the normal neutrino hierarchy. Here the parameter κ is not too far from its µ − τ -symmetric value κ = 1. In the case of the inverted hierarchy it is two-three orders of magnitude away from from this value and the µ − τ -symmetry does not show up as an approximate symmetry of the neutrino sector. A more detailed study of this observation and its possible implementation in the model Lagrangian will be addressed elsewhere. Let us examine even more restrictive benchmark scenario assuming additionally to W 3 = W 2 also the relation for the model parameters a . Setting all these parameters to be a (l) ij = 1 leads to a rather rough estimate of m e and m µ . Moreover, in this case tan θ l = 1, which is incompatible with the neutrino oscillation data as seen from (35) . Therefore, we release a (l) 12 assuming it to be the only free parameter in the e − µ-sector of charged leptons. Thus we consider a benchmark scenario (ii) with a 12 to reproduce seven observable: m e , m µ and five neutrino oscillation parameters. Note that the charged lepton e − µ-sector depends only on one of these parameters, namely, a (l) 12 . It is tempting to try to make a prediction for m µ starting from the best measured m e . This also restricts the number of the free parameters in the neutrino sector down to W 1 , W 2 , κ. In this way we solve Eq. (19) with respect to a (l) 12 for the central experimental value of m e and predict m µ using (20) . The result is shown in Table II in the column (ii)' for a (l) 12 = 0.52 obtained from m e . In the neutrino sector, having three parameters, the model is able to predict any two of the five observables using as an input the experimental values of the other three. However, as in the scenario (i) we fit all the neutrino oscillation observables, ∆m 
where U 2 ej and m ν k are the PMNS mixing matrix elements and the Majorana neutrino masses, respectively. at the level of sensitivities of the next generation or next-to-next generation 0νββ experiments.
V. DARK MATTER CANDIDATE
It is worth mentioning that there is a viable dark matter (DM) candidate in our model. If we consider a specific scenario where only the extra scalar doublet φ 2 acquires mass at low energy, while the rest of extra scalars and exotic fermions live at high energies, an approach to the well-know inert Higgs doublet model could be done. This model, originally proposed in [102] and extensively studied in a number of recent works [123, 124] , introduces an additional doublet, namely denoted in the literature as H 2 , odd under an additional Z 2 symmetry. The lightest inert Z 2 -odd particle turns out to be stable and hence a suitable DM candidate. Our additional scalar doublet φ 2 , analogous to H 2 , is odd under Z 2 , which guarantees that it does not have direct couplings with SM fermion pairs and then its stability. The inert Higgs dark matter, in particular, could annihilate into W W * , ZZ * , hh * and tt * . In the region restricted by the relic density constraint, i.e: Ω DM h 2 = 0.1181 ± 0.0012 the annihilation on the DM into W + W − and ZZ is very effective, much more than annihilation into hh * and tt * . The DM constraints can only be satisfied for restricted values of m φ 2 . In [124] , three viable regions of DM are pointed out: a small regime with 3 ≤ m H2 ≤ 50 GeV, an intermediate regime with 60 ≤ m H2 ≤ 100 GeV and a large regime 3m H2 ≥ 550 GeV. Therefore, if we expect φ 2 to be a DM candidate, its mass must fall in some of the three allowed regions. The limits on m φ 2 can be translated into some restrictions on the other model parameters, for example, f ij (f = u, d, ν), whose precise values are fixed by the requirement of having a realistic spectrum of SM fermion masses and mixing angles. The resulting constraints on the l ij parameters will yield bounds on the exotic fermion masses, thus setting limits on the total production cross sections of the non-SM particles at the LHC. Derivation of these constraints requires a dedicated study beyond the scope of the present paper and is left for future studies.
VI. CONCLUSIONS
We have constructed an extension of the inert 2HDM, based on the extended S 3 ⊗Z 2 ⊗Z 12 symmetry that successfully describes the current pattern of SM fermion masses and mixings. In our model the Z 2 is preserved, whereas the S 3 and Z 12 symmetries are broken, giving rise to the observed pattern of charged fermion masses and mixing angles. The preserved Z 2 symmetry allows the implementation of a one loop level radiative seesaw mechanism, which generates the masses for the first-and second-generation charged fermions, as well as a non-trivial quark mixing. In our modified inert 2HDM, the SM fermion masses and mixing pattern arise from a combination of tree and oneloop-level effects. At tree level only the third-generation charged fermions acquire masses and there is no quark mixing, while the first-and second-generation charged fermion masses and the quark mixing arise from one loop level radiative seesaw-type mechanisms, triggered by virtual Z 2 -charged scalar fields and electrically charged exotic fermions running inside the loops. Light active neutrino masses are generated from a one-loop-level radiative seesaw mechanism. As follows from the expressions for the loop functions given in Eq. (B2), the entries of the SM charged fermion and light active neutrino mass matrices generated at one-loop-level are monotonically decreasing functions of the masses of the other particles in the loops shown in Fig. 1 . The condition that the mass matrices be compatible with the observed masses and mixing of the SM fermions sets constraints on the masses of the Z 2 -odd scalars and the non-SM fermions. Derivation of these constraints requires a dedicated study because of the complexity of the model parameter space.
The preserved Z 2 symmetry of our model allows not only implementation of the radiative seesaw-type mechanism, but also provides natural dark matter candidates, stable due to this symmetry. They are the right-handed Majorana neutrinos N 1R , N 2R and/or the lightest of the Z 2 odd scalars Re η, Im η, Re φ 0 2 , Im φ 0 2 . Their masses are constrained by the dark matter relic density. The constraints on the masses of the Z 2 odd scalars states, will yield bounds on the total production cross sections of these particles at the LHC. The implications of our model in collider physics and dark matter requires careful studies that we left outside the scope of this paper and defer for a future publication.
